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The paraventricular nucleus of the thalannus (PVT) has generated interest because of 
its strong projections to areas of the brain associated with the regulation of emotional 
behaviors. The posterior aspect of the PVT (pPVT) is notable for its projection to the 
central nucleus of the amygdala which is essential for the expression of a conditioned 
fear response. The present study was done to determine if the pPVT is involved in 
the expression of fear by examining the effect of post-conditioning lesions of the pPVT 
Male rats were trained to bar press for food pellets on a variable ratio schedule. Fear 
conditioning was done using auditory tones (30 s) that co-terminate with footschocks 
(0.65 mA, 1.0 s). Rats were anesthetized 24 h later and small bilateral electrolytic lesions 
of the pPVT were made. Fear expression to the tone was assessed using suppression 
of bar-pressing and freezing after one week of recovery from the surgical procedure. 
Small bilateral lesions of the pPVT increased bar-pressing for food and decreased freezing 
during the presentation of the conditioned tone. Lesions of the pPVT had no effect on 
fear extinction, fear conditioning to a novel tone, or the motivation for food as assessed 
using a progressive ratio (PR) schedule. The results of the experiment support a role for 
the pPVT in fear expression. In contrast, the pPVT does not appear to be involved in fear 
learning or extinction nor does it appear to play a role in the motivation of rats to bar press 
for food. 
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INTRODUCTION 

Classical (Pavlovian) fear conditioning refers to a form of learning 
that occurs when a neutral stimulus such as a tone (conditioned 
stimulus, CS) starts to acquire fear properties through repeated 
temporal pairings with aversive events like an electrical shock 
(unconditioned stimulus, US; LeDoux, 1993, 2000). As the CS-US 
relationship is learned, the behavioral and physiological responses 
of fear (e.g., freezing in rodents) occur in the presence of the tone 
alone. 

Several decades of research has revealed the essential com- 
ponents of the neural circuitry required for the expression of 
conditioned fear (LeDoux, 1993, 2000; Ehrlich et al, 2009; Pape 
and Pare, 2010). The fear system is composed of a projection from 
the medial part of the central nucleus of the amygdala (CeAjvi; 
LeDoux, 1993, 2000; Ehrhch et al, 2009; Pape and Pare, 2010) to 
areas of the hypothalamus and brainstem that regulate the expres- 
sion of the behaviors and autonomic responses associated with 
fear (Krettek and Price, 1978a; Veening et al, 1984; LeDoux et al., 
1988; Petrovich and Swanson, 1997; Dong et al, 2001). Input to 
the central nucleus of the amygdala comes from the basolateral 
amygdala which stores associations between cues and aversive 
stimuh (Blair et al, 2001; Ehrlich et al, 2009; Josselyn, 2010; 
Maren, 2011). The modulation of conditioned fear is complex 



with neural signals traveling from the basolateral amygdala to the 
central nucleus of the amygdala through a network of inhibitory 
neurons (Krettek and Price, 1978b; Pare and Smith, 1993, 1998; 
Pare et al., 1995). In addition, the prelimbic and infralimbic 
portions of the medial prefrontal cortex modulate fear expression 
by way of interconnections between these areas of the cortex and 
the amygdala (Quirk and Mueller, 2008; Maren, 201 1). 

The anatomical connections between the dorsal midline thala- 
mus and other regions of the brain involved in conditioned fear 
suggest that this part of the thalamus could also modulate fear. For 
instance, both the mediodorsal nucleus and the paraventricular 
nucleus of the thalamus (PVT) are interconnected with prelim- 
bic and infralimbic cortices, which regulate fear expression and 
extinction, respectively (Vertes, 2004; Vertes and Hoover, 2008; Li 
and Kirouac, 2012). In addition, the PVT is in a unique position to 
influence fear through direct projections to the central nucleus of 
the amygdala and the basolateral amygdala (Li and Kirouac, 2008; 
Vertes and Hoover, 2008). Indeed, some studies found support 
for a role for the dorsal midline thalamus in the regulation of 
conditioned fear (Li et al., 2004; Padilla-Coreano et al., 2012). 
For instance, lesions of the dorsal midline thalamus impaired the 
acquisition and expression of freezing to a conditioning context 
(Li et al., 2004). In another study, temporary inactivation of 
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neurons in the midline thalamus using microinjections of a GABA 
agonist prevented freezing to a tone previously associated with 
footshocks (Padilla-Coreano et al., 2012). However, it is impos- 
sible to identify the specific nuclei that are responsible for these 
effects since a relatively large area of the thalamus was affected by 
these experimental manipulations. 

The PVT represents a viable candidate for modulating con- 
ditioned fear because of its projections to the prefrontal cortex 
and the amygdala. Reports of an increase in cFos in the PVT 
when rats were placed in the context in which footshocks were 
previously given also support a role for the PVT in learned fear 
(Beck and Fibiger, 1995; Yasoshima et al., 2007). In addition, 
the observation that microinjections of muscimol in the midline 
thalamus increases cFos expression in the lateral part of the central 
nucleus of the amygdala (CcAl), which has been shown to receive 
direct projections from the PVT (Li and Kirouac, 2008; Vertes 
and Hoover, 2008), points to a potential mechanism for PVT to 
modulate fear (Padilla-Coreano et al, 2012). The present study 
was done to examine the effect of making small bilateral lesions 
of the posterior portion of the PVT (pPVT) to determine if this 
area of the midline thalamus is involved in fear. This region of the 
PVT was targeted because of its dense projection to the CcAl (Li 
and Kirouac, 2008). 

MATERIALS AND METHODS 
ANIMALS AND HOUSING 

Male Sprague-Dawley rats (Charles River, Beijing) weighing 260- 
280 g at the time of arrival at the laboratory were housed indi- 
vidually in cages kept in a room maintained on a 12 h/12 h 
light/dark cycle (lights on at 07:00) with controlled temperature 
(20-24°C) and humidity (40-70%). All the rats had free access 
to food and water and were handled for 2 min on alternate days 
during a 7-day adaptation period. The rats were then restricted 
to 10-15 g of food per day until they reached 85% of their free- 
feeding weights. During the food restriction period, rats were 
acclimated to 45 mg sugar pellets (Bio-Serv, Frenchtown, NJ, 
USA) which were used for subsequent bar-pressing training. All 
the behavioral training and tests were done in the light cycle 
of the day (09:00-17:00). The experimental procedures conform 
to the National Institutes of Health Guide for Care and Use of 
Laboratory Animals (Publication No. 85-23, revised 1985) and the 
experimental protocol was approved by Research Ethics Review 
Board of Institute of Psychology, Chinese Academy of Sciences. 

BAR-PRESSING TRAINING 

Rats were trained to bar press for food using a standard operant 
conditioning chamber (MED Associates, St. Albans, VT, USA). 
The chamber consisted of a stainless steel grid floor for the 
delivery of footshocks, a lever on one wall for bar-pressing, and 
a speaker mounted to the ceiling of the chamber for the delivery 
of tones. The chamber was housed in a sound-attenuating box 
to reduce ambient noise to 60 dB. Pellet delivery was controlled 
by a computer running commercially available software (MED 
associates, St. Albans, VT, USA). The rats were trained to bar 
press for sugar pellets during 30-min sessions using a variable 
interval (VI) schedule. The initial reinforcement ratio was VI2 
(rats received one pellet for each bar press after 2 s had elapsed) 



and the ratio was increased gradually (VI5, VIIO, VI30, VI60) 
until rats reached a minimum of 15 presses per minute (7-10 days 
of training). 

FEAR CONDITIONING 

The CS was a 30 s tone (4 kHz at 80 dB) and the US was a 
scrambled footshock (0.65 mA, 1.0 s) that co-terminated with 
the tone. Rats were exposed to five habituation trials of the 
tone alone followed by ten conditioning trials (tones paired with 
shocks, intertrial interval (ITI) = 60-180 s). The presence of a 
conditioned fear response was assessed using percent freezing 
time and suppression of bar-pressing. The activity of the rats was 
recorded using a digital camera suspended in the ceiling of the 
chamber. The amount of freezing during the tone presentation 
was quantified by commercially available software (Ethovision, 
Noldus, Wageningen, Netherland) with freezing defined as the 
complete lack of movement except for those related to breath- 
ing. Percent freezing time was expressed as the amount of time 
spent freezing during the tone/30 s x 100. The number of bar 
presses during the tone and 30 s prior to the tone (pre-CS) was 
used to calculate the conditioned suppression ratio which was 
expressed as responses during the CS/responses during the pre- 
CS -I- responses during the CS. Consequently, a suppression ratio 
of 0.5 is an indication of a lack of fear whereas a suppression ratio 
of 0 is indicative of intense fear. 

LESIONS 

Lesions of the midline thalamus were done 24 h after fear con- 
ditioning. Rats were anesthetized with equithesin (0.3 ml/100 g, 
i.p.) and placed in a Stoelting stereotaxic frame (Stoelting Co. 
Wood Dale, IL, USA). Bilateral electrolytic lesions of the pPVT 
were done using bipolar stainless-steel electrodes (RH SNE-100 x 
50 mm, David Kopf Instruments, CA, USA) that were lowered in 
the brain at a 10° angle from the midline on one side of the sagittal 
sinus. The coordinates were 3.1 mm posterior to bregma, 0.7 mm 
and 1.2 mm lateral to the midline (for contralateral and ipsilateral 
lesions, respectively), and 5.3 mm ventral to the skull (incisor 
bar at 3.3 mm below intraaural line). The lesions were made 
using anodal constant direct current (25 \iA, 120 s). The sham 
lesion animals were exposed to the same procedure except that no 
electrical current was passed through the electrode. The incision 
was sutured and the rats were given penicillin (80,000 units, i.m.). 
The rats were allowed 7 days of recovery before examining the 
effects of the lesions on conditioned fear. 

BEHAVIORAL TESTS 

The ability of rats to bar press was examined at one week 
after the lesions were made. One or two bar-pressing training 
sessions were done to recover the bar-pressing response in rats 
that performed below the baseline criterion of 15 presses per 
min. Fear expression and extinction were assessed the next day 
by presenting 15 conditioning tones to the rats placed in the 
conditioning chamber. Locomotion and freezing were assessed 
in the periods before the first tone presentation (pre-CS, 180 s) 
to exclude the non-specific effect of lesion on movement. The 
recall of the extinction memory was examined the next day by 
presenting the tones five more times. Two days later, the rats were 
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FIGURE 1 I Examples of lesions of the pPVT. Tlie location of the lesions 
as verified from histological sections of the brain were used to group the 
data into pPVT lesion (complete lesions limited to the pPVT); (A) and 
midline lesion (complete lesion of the pPVT and surrounding area including 
the mediodorsal and intermediodorsal nuclei); (B) groups. 3V, third ventricle; 
IMD, intermediodorsal nucleus; LHb, lateral habenular; mHb, media 
habenular; MD, mediodorsal nucleus; pPVT, posterior paraventricular 
nucleus of the thalamus. 



placed in a novel plastic chamber with black walls and white lid 
(MacroAmbition S and T Development Co., Ltd., Beijing, China) 
in a different room for fear conditioning to a new tone. In this 
case, the CS was a 2 kHz pure tone lasting 30 s (80 dB) that co- 
terminated with footshocks (1.0 mA, 1.0 s). The rats were placed 
into the chamber and allowed to explore the novel context for 
2 min before receiving three CS-US pairings (ITI = 60-180 s). 
Freezing duration during the tone presentation was quantified as 
described above. 

Two days after the second fear conditioning procedure, exper- 
iments were done to determine if pPVT lesion interfered with the 
motivation of rats to bar press for food when they were exposed 
to a progressive ratio (PR) procedure. The response requirement 
for getting a food pellet was incremental (1, 2, 4, 6, 9, 12, 15, 20, 
25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219) as derived from a PR 
equation (Richardson and Roberts, 1996). The PR session lasted 
60 min with the last rewarded bar press defined as the breakpoint. 
The rats were food deprived for 24 h and were re-exposed to the 
same PR schedule to evaluate their motivation for food in a food 
deprived state. 

LESION VERIFICATION 

Rats were anesthetized with chloral hydrate (40 mg/kg) and per- 
fused with heparinized saline followed by 4.0% paraformaldehyde 
in 0.1 M phosphate buffer (PB; pH 7.4). Coronal sections of the 
posterior thalamus were obtained at 100 \im using a vibratome 
which were subsequently stained for Nissl substance using Cresyl 
Violet. The lesions were mapped to identify rats with lesions that 
were restricted to the pPVT and those with lesions that involved 
the pPVT as well as parts of the mediodorsal and intermediodor- 
sal nuclei. 

DATA COLLECTION AND ANALYSIS 

Data for percent freezing and the suppression ratio were averaged 
over three tone presentations (five test blocks). The data for each 
test block was used for all subsequent statistical tests involving fear 
expression (first test block) and extinction (all five test blocks). 
Data from the first test block (first three trials) were used for 
statistical analysis of the extinction test. The breakpoint (highest 
PR reached) was calculated for each animal and used to assess 
motivation for food. Statistical analysis was done using two-way 
and one-way ANOVA as appropriate (with repeated measure for 
the extinction data). Post-hoc LSD tests were used to compare 
group differences. A value of p < 0.05 was considered to be 
significant and the data were presented as mean ± SEM. 

RESULTS 

Figure 1 shows a typical lesion largely restricted to the pPVT 
(Figure lA) and a larger lesion involving more of the midline 
thalamus (pPVT and surrounding area; Figure IB). Subjects 
were assigned to the pPVT lesion group (pPVT only; « = 13; 
Figure 2A), midline lesion group (pPVT and parts of the 
mediodorsal and intermediodorsal nuclei; n = 7; Figure 2B), non- 
pPVT lesion (no visible lesion because the electrode was placed in 
the third ventricle or small lesions that were dorsolateral to the 
pPVT in the medial habenula; n = 12) and sham lesion group (n 
= 5) based on the location of the lesions. Data from the sham 



group and non-pPVT lesion group were pooled together (control 
lesion group; n = 17) since both groups had similar fear levels 
and extinction rates as assessed by the suppression ratio [-F(4,60) 
= 1.049, p = 0.39, for interaction effect; and f(i,i5) = 0.799, 
p = 0.386, for group differences] and freezing [-F(4,60) = 0.678, 
p = 0.61, for interaction effect; _F(i,i5) = 0.033, p = 0.857, for 
group differences] expressed over the 15 tone presentations of the 
expression/extinction phase of the tests. 

A similar amount of fear to the tone as measured by freezing 
[P(2,M) ~ 0.182, p = 0.835; Figure 3A] or the suppression 
ratio [f(2,34) = 0.097, p = 0.908; Figure 4A] was displayed 
by the pPVT, midline and control lesion groups during fear 
conditioning (before the lesion surgery). There was a signifi- 
cant group difference in freezing during the fear expression test 
[F{2,3i) = 5.83, p = 0.007; Figure 3A]. Compared to the con- 
trol lesion group, the pPVT lesion group [p = 0.004] and the 
midline lesion group [p = 0.018] showed significant decreases 
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FIGURE 2 I Drawings showing tlie location of midline thalamic lesions. retroflexus; Hb, liabenula; IMD, intermediodorsal nucleus; MD, mediodorsa 
Each section represents subjects that were assigned to the pPVT lesion group nucleus; PF, parafascicular nucleus; pPVX posterior paraventricular nucleus of 
(A) and the midline lesion group (B). CM, centromedial nucleus; fr, fasciculus the thalamus. Numbers represent the distance from bregma. 



in freezing. There was also a significant difference between 
groups on the suppression ratio during the expression test 
[^^(2,34) = 4.215, p = 0.023; Figure 4A]. Compared to the control 



lesion group, the pPVT lesion group [p = 0.022] and the midline 
lesion group [p = 0.023] showed significant decreases in the 
suppression ratio. The one-way ANOVA indicated no differences 
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FIGURE 3 I Effect of pPVT lesions on freezing to fear-conditioning 
tones. (A) Different experimental groups displayed similar amounts of 
freezing prior to electrolytic lesions of the pPVT In contrast, freezing was 
attenuated in groups of rats ttnat had pPVT and midline lesions when they 
were compared to the control lesion group. Data points are represented as 
percent freezing over the first three tone presentations (first test block). (B) 
The different groups showed similar extinction of freezing behavior over 
subsequent presentations of the tone. Each data point represents percent 
freezing for three consecutive tone presentations (one test block) with the 
first data point representing the same data as in Figure 2A. (C) Lesions of 
the pPVT or the midline thalamus had no effect on recall of the extinguished 
fear memory as measure by percent freezing over three tone presentations. 
*p < 0.05; **p < 0.01. Results are presented as mean ± SEM. 



in locomotion [f (2,34) = 0.161, p = 0.852; Figure 5C] and freezing 
[^'(2,34) = 0.198, p = 0.821, data not shown] between the different 
groups. 



When considering the groups together, the two-way ANOVA 
with repeated measures revealed that the fear memory was signif- 
icantly extinguished using the suppression ratio [P(4,i36) = 10.35, 
p < 0.001 for the main effect for test block] and freezing 
[f(4,i36) = 4.41, p = 0.002 for the main effect for test block] 
as measures of fear. Furthermore, there was a significant inter- 
action effect between the test blocks and lesions on freezing 
[■F(8,i36) = 4.99, p < 0.001] and simple effect analysis was done to 
confirm that only the control lesion group showed a significant 
extinction effect [f (4,135) = 15.81, p < 0.001; Figure 3B]. The 
pPVT and midline lesion groups showed no extinction using 
freezing as a measure of extinction because fear expression was 
already inhibited to extinction levels in the first test block. In 
contrast, lesions had no effect on the extinction of fear memory 
as measured by suppression ratio as specified by the two-way 
ANOVA analysis showing a lack of a main effect for lesions Jf (2,34) 
= 1.89, p = 0.167; Figure 4B] or an interaction effect between 
lesions and test blocks [f(8,i36) = l-55> P = 0.144; Figure 4B]. 
Finally, the one-way ANOVA reveled no difference between lesion 
groups in recall test for extinction memory as assessed by freezing 
[■F(2,34) = 0.331, p = 0.720; Figure 3C] or suppression ratio [f(2,34) 
= 0.193, p = 0.826; Figure 4C]. 

The effect of lesions of the pPVT on the acquisition of novel 
fear was also examined. Rats acquired a novel fear within three 
trials [f(2,68) = 36.525, p < 0.001; Figure 5A]. However, pPVT 
or midline lesions had no effect on fear acquisition 1^(4,68) = 
1.015, p = 0.406 for the interaction between lesion and trial; 
^'(2,34) = 0.297, p = 0.745 for group differences; Figure 5A]. 
Finally, neither the pPVT lesions or the midline lesions had any 
effect on the motivation to bar press in non-deprived or in food 
deprivation rats [f (2,34) = 0.276, p = 0.360 for the interaction 
between lesion and deprivation state; f (2,34) = 0.446, p = 0.646 
for group differences; Figure SB]. 

DISCUSSION 

The results of the present study support the view that the pPVT 
plays a role in learned fear. This is indicated by the observation 
that small lesions restricted to the pPVT attenuated fear expres- 
sion to the same extent as larger lesions of the pPVT and portions 
of other midline thalamic nuclei. In contrast, lesions of the pPVT 
had no effect on the extinction rate of the fear memory nor did it 
interfere with the acquisition of fear to a novel tone. In addition, 
the observation that the motivation for rats to bar press for food 
was unaffected by lesions of the pPVT indicates that this part of 
the PVT may preferentially regulate negative emotional behavior. 

A number of studies have provided evidence for a role for 
the dorsal midline thalamus in fear (Li et al., 2004; Lee et al., 
2012; Padilla-Coreano et al., 2012). In one study, large lesions of 
the mediodorsal nucleus and other midline thalamic nuclei made 
before and after the exposure of rats to footshocks were reported 
to interfere with fear expression to the shock context (Li et al., 
2004). In a second study, microinjections of a GABA agonist in 
the dorsal midline thalamus prevented fear to a tone previously 
associated with footshocks but had no effect on the acquisition 
or the extinction of the fear (Padilla-Coreano et al., 2012). A 
third study was able to show that tonic activity of neurons in 
the mediodorsal nucleus was correlated with the level of fear 
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FIGURE 4 I Effect of pPVT lesions on suppression of bar-pressing to 
fear-conditioning tones. (A) Different experimental groups displayed 
similar amounts of bar-pressing prior to electrolytic lesions of the pPVT. In 
contrast, bar-pressing was attenuated in groups of rats tfiat had pPVT and 
midline lesions when they were compared to the control lesion group. Data 
points are represented as the suppression ratio over the first 3 tone 
presentations (first test block). (B) The different groups showed similar 
extinction of bar-pressing over subsequent presentations of the tone. Each 
data point represents the suppression ratio for three consecutive tone 
presentations (first test block) with the first data point representing the 
same data as in Figure 3A. (C) Lesions of the pPVT or the midline thalamus 
had no effect on recall of the extinguished fear memory as measured by the 
suppression ratio over three tone presentations. *p < 0.05. Results are 
presented as mean ± SEM. 



extinction in conditioned mice, indicating a specific role for the 
mediodorsal nucleus in fear extinction (Lee et al., 2012). Except 
for the latter study, the other studies were not designed to address 
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FIGURE 5 I Effect of pPVT lesions on the acquisition of a novel fear, 
motivation for food reward, and locomotor activity. (A) Lesions of the 
pPVT or the midline thalamus had no effect on the freezing displayed in rats 
exposed to a new fear conditioning protocol. Each data point represents a 
single conditioning trial. (B) Lesions of the pPVT or the midline thalamus did 
not affect the breakpoint in food deprived or non-deprived rats. (C) Lesions 
of the pPVT did not affect the amount of locomotor activity displayed by 
rats during the pre-CS period of expression test. Results are presented as 
mean ± SEM. 



the specific location of the neurons in the midline thalamus that 
were involved in modulating fear. 

The pPVT represents a possible candidate for the fear atten- 
uating effects of inactivation of the dorsal midline thalamus 
because of the direct projections between the pPVT and the amyg- 
dala (Li and Kirouac, 2008; Vertes and Hoover, 2008). Indeed, 
other dorsal midline thalamic nuclei do not project directly to 
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the basolateral or the central nucleus of the amygdala (Li and 
Kirouac, 2008). The present study was done to evaluate the 
role of the pPVT in learned fear by examining the effects of 
removing the influence of neurons located only in the pPVT in 
rats that had been subjected to an auditory fear conditioning 
protocol. The choice of electrolytic lesions for these experiments 
was based on the fact that it provides a means of making rel- 
atively small focal damage to an area of the brain that can be 
precisely verified in histological sections. Consistent with a role 
for the pPVT in fear, we found that bilateral lesions of the pPVT 
reduced fear as demonstrated by a reduction in freezing and 
a decrease in suppression of bar-pressing. We were unable to 
determine if lesions had an effect on extinction using freezing 
as a fear response because this measure was very low in the 
lesion groups. However, we were able to show using suppression 
of bar-pressing as a measure of fear that extinction and recall 
of the fear memory remained unaffected in rats with pPVT 
lesions. These results are in line with recent observations that 
injections of the GABA agonist muscimol in the dorsal midline 
thalamus attenuated fear but had no effect on extinction or recall 
of the extinction memory (Padilla-Coreano et al., 2012). The 
result of our experiments also shows that pPVT lesions produced 
similar effects as larger lesions involving pPVT, intermediodorsal 
and mediodorsal nuclei. This indicates that neurons located in 
the pPVT were contributing to the conditioned fear responses 
observed in the present study. It is also apparent that the moti- 
vation for rats to bar press for food was not compromised in 
rats with pPVT lesions indicating specificity in the effect of the 
lesions on fear. Moreover, freezing to a novel conditioned fear was 
not impaired nor was the level of locomotor activity displayed 
in the pre-CS period in rats with lesions of pPVT indicating 
that these rats did not suffer from any motor or performance 
deficits. 

A possible mechanism by which the pPVT could regulate fear 
was provided by an experiment in which cFos was used to identify 
neurons that may have inhibited freezing in conditioned rats 
following inactivation of the dorsal thalamus (Padilla-Coreano 
et al., 2012). An increase in cFos was observed in the CeAL whereas 
a decrease was noted for the CcAm in rats that had received 
muscimol (low fear state) compared to those that received saline 
(high fear state). These results suggested that in fear condi- 
tioned rats, neurons in the region of the dorsal midline thalamus 
exert inhibitory influence on a population of CeAL neurons that 
in turn inhibit neurons in the CeAM (Padilla-Coreano et al., 
2012). This mechanism is consistent with a proposed model in 
which a subpopulation of neurons in the CcAl exerts a tonic 
inhibitory influence on fear expressing projection neurons in 
the CeAM (Wilensky et al, 2006; Ehrlich et al, 2009; Pape 
and Pare, 2010). This suggests that fear-attenuating effects of 
inactivation of the pPVT would likely be due to the removal of 
an inhibitory influence on the subpopulation of CcAl neurons 
that exert tonic inhibitory influence on the CcAm- Indeed, a 
population of CeAL interneurons which exert inhibitory influ- 
ence on the CeAL neurons that inhibit CeAM neurons has 
been identified (Ciocchi et al, 2010; Haubensak et al., 2010). 
It is noteworthy that the pPVT provides a dense and selec- 
tive projection to the CcAl (Li and Kirouac, 2008) and that 



this projection uses excitatory amino acids as neurotransmitters 
(Christie et al., 1987; Frassoni et al., 1997). Consequently, it 
is possible that the pPVT enhances fear by the activation of 
CcAl GABA interneurons which inhibit CcAl GABA neurons 
that are tonically inhibiting the CcAm (disinhibition of the 
CcAm). 

It is also important to mention that a previous study demon- 
strated that inactivation of the dorsal midline thalamus a few 
hours after fear conditioning had no effect of subsequent fear 
expression (Padilla-Coreano et al., 2012). Consequently, it is pos- 
sible that the fear suppressive effects of the pPVT lesions observed 
in the present study were due to interference of fear memory 
retrieval. While the design of the present study cannot provide 
a direct answer to this question, it is clear from the results of 
the fear acquisition experiment that the pPVT is not necessary 
for the expression of a newly acquired fear. As such, it is also 
plausible that the attenuating effects of pPVT lesions observed in 
this study may have been due to the impairment in fear memory 
retrieval and not fear expression per se. It is also possible that fear 
expression to a newly conditioned cue does not involve the pPVT 
but that the influence of the pPVT may increase as the memory 
becomes consolidated at a systems level. 

Previous studies using cFos as an anatomical marker of excita- 
tion have reported that the PVT becomes activated in rats that 
experience footshocks or when placed in the context in which 
footshocks were given (Beck and Fibiger, 1995; Yasoshima et al., 
2007). Of the dorsal midline thalamic nuclei, only the PVT 
appears to be activated by the recall of the shock experience 
(Yasoshima et al, 2007). The pathway by which the recall of 
an aversive event like footshocks leads to the activation of the 
pPVT is speculative. Our laboratory has recently reported that 
the pPVT receives a strong projection from the prelimbic cortex 
(Li and Kirouac, 2012) while other groups have reported that 
this area of the prefrontal cortex is involved in the expression 
of learned fear (Quirk et al, 2000; Milad and Quirk, 2002; 
Vidal-Gonzalez et al, 2006; Corcoran and Quirk, 2007; Burgos- 
Robles et al, 2009; Sierra-Mercado et al, 2011). As such, it is 
possible that the recall of fear related memories by neurons in the 
prelimbic cortex leads to activation of neurons in the pPVT. The 
view that the pPVT plays a role in fear expression is consistent 
with previous studies indicating that this area of the thalamus 
also exerts an influence on other negative emotional behaviors 
including anxiety (Li et al., 2009, 2010a,b; Heydendael et al., 
2011) and conditioned place avoidance to morphine withdrawal 
(Li et al, 2011). The fact that the pPVT is strongly connected 
to areas of the brain that mediate fear, anxiety and avoidance 
behaviors points to a specific role for the pPVT in the regulation 
of negative emotions (Li and Kirouac, 2008). Consistent with 
this view, we found that lesions of the pPVT did not affect 
the motivation of rats to bar-press for food (positive emotional 
behavior). 

ACKNOWLEDGMENTS 

The study was supported by the Canadian Institutes of Health 
Research (CIHR; MOP89758 to Gilbert J. Kirouac); Natural 
Sciences and Engineering Council of Canada (NSERC; 261739- 
2008 to Gilbert J. Kirouac); Chinese Academy of Sciences 



Frontiers in Beliavioral Neuroscience 



www.frontiersin.org 



IVIarcli 2014 | Volume 8 | Article 94 | 7 



Li et al. 



Midline tlialamus and fear 



(KSCX2-EW-Q-18, KJ2D-EW-L04 to Yonghui Li); and the 
National Natural Science Foundation (31070911 to Yonghui Li). 

REFERENCES 

Beck, C. H., and Fibiger, H. C. (1995). Conditioned fear-induced changes in 
behavior and in the expression of the immediate early gene c-fos: with and 
without diazepam pretreatment. /. Neurosci. 15, 709-720. 

Blair, H. T., Schafe, G. E., Bauer, E. P., Rodrigues, S. M., and Ledoux, J. E. 
{2001). Synaptic plasticity in the lateral amygdala: a cellular hypothesis of fear 
conditioning. Learn. Mem. 8, 229-242. doi: 10.1101/lm.30901 

Burgos-Robles, A., Vidal- Gonzalez, I., and Quirk, G. J. (2009). Sustained condi- 
tioned responses in prelimbic prefrontal neurons are correlated with fear expres- 
sion and extinction failure. /. Neurosci. 29, 8474-8482. doi: 10.1523/jneurosci. 
0378-09.2009 

Christie, M. J., Summers, R. J., Stephenson, J. A., Cook, C. J., and Beart, R M. 

(1987). Excitatory amino acid projections to the nucleus accumbens septi in 

the rat: a retrograde transport study utilizing D[3H]aspartate and [3H]GABA. 

Neuroscience 22, 425-439. doi: 10.1016/0306-4522(87)90345-9 
Ciocchi, S., Herry, C, Grenier, R, Wolff, S. B., Letzkus, J. J., Vlachos, I., et al. (2010). 

Encoding of conditioned fear in central amygdala inhibitory circuits. Nature 

468, 277-282. doi: 10.1038/nature09559 
Corcoran, K. A., and Quirk, G. J. (2007). Activity in prelimbic cortex is necessary for 

the expression of learned, but not innate, fears. /. Neurosci. 27, 840-844. doi: 10. 

1523/jneurosci.5327-06.2007 
Dong, H. W., Petrovich, G. D., Watts, A. G., and Swanson, L. W. (2001). Basic 

organization of projections from the oval and fusiform nuclei of the bed nuclei 

of the stria terminalis in adult rat brain. /. Comp. Neurol. 436, 430-455. doi: 10. 

1002/cne.l079 

Ehrlich, I., Humeau, Y., Grenier, R, Ciocchi, S., Herry, C, and Luthi, A. (2009). 

Amygdala inhibitory circuits and the control of fear memory. Neuron 62, 757- 

771. doi: 10.1016/j.neuron.2009.05.026 
Frassoni, C, Spreafico, R., and Bentivoglio, M. (1997). Glutamate, aspartate 

and co-localization with calbindin in the medial thalamus. An immunohis- 

tochemical study in the rat. Exp. Brain Res. 115, 95-104. doi: 10.1007/plOOO 

05689 

Haubensak, W, Kunwar, P. S., Cai, H., Ciocchi, S., Wall, N. R., Ponnusamy, R., et al. 

(2010). Genetic dissection of an amygdala microcircuit that gates conditioned 

fear. Nature 468, 270-276. doi: 10.1038/nature09553 
Heydendael, W., Sharma, K., Iyer, V., Luz, S., Piel, D., Beck, S., et al. (2011). Orex- 

ins/hypocretins act in the posterior paraventricular thalamic nucleus during 

repeated stress to regulate facilitation to novel stress. Endocrinology 152, 4738- 

4752. doi: 10.1210/en.2011-1652 
Josselyn, S. A. (2010). Continuing the search for the engram: examining the 

mechanism of fear memories. /. Psychiatry Neurosci. 35, 221-228. doi: 10. 

1503/jpn.l00015 

Krettek, J. E., and Price, J. L. (1978a). Amygdaloid projections to subcortical 

structures within the basal forebrain and brainstem in the rat and cat. /. Comp. 

Neurol. 178, 225-254. doi: 10.1002/cne.901780204 
Krettek, J. E., and Price, J. L. (1978b). A description of the amygdaloid complex 

in the rat and cat with observations on intra -amygdaloid axonal connections. /. 

Comp. Neurol. 178, 255-280. doi: 10.1002/cne.901780205 
LeDoux, J. E. (1993). Emotional memory systems in the brain. Behav. Brain Res. 58, 

69-79. doi: 10.1016/0166-4328(93)90091-4 
LeDoux, J. E. (2000). Emotion circuits in the brain. Annu. Rev. Neurosci. 23, 155- 

184. doi: 10.1146/annurev.neuro.23.1.155 
LeDoux, J. E., Iwata, J., Cicchetti, P., and Reis, D. J. (1988). Different projections of 

the central amygdaloid nucleus mediate autonomic and behavioral correlates of 

conditioned fear. /. Neurosci. 8, 2517-2529. 
Lee, S., Ahmed, T., Lee, S., Kim, H., Choi, S., Kim, D. S., et aL (2012). Bidirectional 

modulation of fear extinction by mediodorsal thalamic firing in mice. Nat. 

Neurosci. 15, 308-314. doi: 10.1038/nn.2999 
Li, X. B., Inoue, T., Nakagawa, S., and Koyama, T. (2004). Effect of mediodorsal 

thalamic nucleus lesion on contextual fear conditioning in rats. Brain Res. 1008, 

261-272. doi: 10.1016/j.brainres.2004.02.038 
Li, S., and Kirouac, G. J. (2008). Projections from the paraventricular nucleus of the 

thalamus to the forebrain, with special emphasis on the extended amygdala. /. 

Comp. Neurol. 506, 263-287. doi: 10.1002/cne.21502 



Li, S., and Kirouac, G. J. (2012). Sources of inputs to the anterior and posterior 
aspects of the paraventricular nucleus of the thalamus. Brain Struct. Funct. 217, 
257-273. doi: 10.1007/s00429-011-0360-7 

Li, Y., Li, S., Sui, N., and Kirouac, G. J. (2009). Orexin-A acts on the par- 
aventricular nucleus of the midline thalamus to inhibit locomotor activity 
in rats. Pharmacol. Biochem. Behav. 93, 506-514. doi: 10.1016/j.pbb.2009. 
06.017 

Li, Y, Li, S., Wei, C, Wang, H., Sui, N., and Kirouac, G. J. (2010a). Changes in 
emotional behavior produced by orexin microinjections in the paraventricular 
nucleus of the thalamus. Pharmacol. Biochem. Behav. 95, 121-128. doi: 10. 
1016/j.pbb.2009. 12.016 

Li, Y, Li, S., Wei, C., Wang, H., Sui, N., and Kirouac, G. J. (2010b). Orexins in the 
paraventricular nucleus of the thalamus mediate anxiety-like responses in rats. 
Psychopharmacology (Berl) 212, 251-265. doi: 10.1007/s00213-010-1948-y 

Li, Y, Wang, H., Qi, K., Chen, X., Li, S., Sui, N., et al. (2011). Orexins in the 
midline thalamus are involved in the expression of conditioned place aversion to 
morphine withdrawal Physiol. Behav. 102, 42-50. doi: 10.1016/j.physbeh.2010. 
10.006 

Maren, S. (201 1). Seeking a spotless mind: extinction, deconsolidation, and erasure 
of fear memory. NewroM 70, 830-845. doi: 10.1016/j.neuron.201 1.04.023 

Milad, M. R., and Quirk, G. J. (2002). Neurons in medial prefrontal cortex signal 
memory for fear extinction. Nature 420, 70-74. doi: 10.1038/nature01138 

Padilla-Coreano, N., Do-Monte, R H., and Quirk, G. J. (2012). A time-dependent 
role of midline thalamic nuclei in the retrieval of fear memory. Neuropharma- 
cology 62, 457-463. doi: 10.1016/j.neuropharm.2011.08.037 

Rape, H. C, and Pare, D. (2010). Plastic synaptic networks of the amygdala for 
the acquisition, expression, and extinction of conditioned fear. Physiol. Rev. 90, 
419-463. doi: 10.1152/physrev.00037.2009 

Pare, D., and Smith, Y. (1993). The intercalated cell masses project to the central 
and medial nuclei of the amygdala in cats. Neuroscience 57, 1077-1090. doi: 10. 
1016/0306-4522(93)90050-p 

Pare, D., and Smith, Y. (1998). Intrinsic circuitry of the amygdaloid complex: 
common principles of organization in rats and cats. Trends Neurosci. 21, 240- 
241. doi: 10.1016/s0166-2236(98)01240-5 

Pare, D., Smith, Y, and Pare, J. F. (1995). Intra- amygdaloid projections of the 
basolateral and basomedial nuclei in the cat: phaseolus vulgaris-leucoagglutinin 
anterograde tracing at the light and electron microscopic level. Neuroscience 69, 
567-583. doi: 10.1016/0306-4522(95)00272-k 

Petrovich, G. D., and Swanson, L. W. (1997). Projections from the lateral part of the 
central amygdalar nucleus to the postulated fear conditioning circuit. Brain Res. 
763, 247-254. doi: 10.1016/s0006-8993(96)01361-3 

Quirk, G. J., and Mueller, D. (2008). Neural mechanisms of extinction learn- 
ing and retrieval. Neuro psychopharmacology 33, 56-72. doi: 10.1038/sj.npp.l30 
1555 

Quirk, G. J., Russo, G. K., Barron, J. L., and Lebron, K. (2000). The role of 
ventromedial prefrontal cortex in the recovery of extinguished fear. /. Neurosci. 
20, 6225-6231. 

Richardson, N. R., and Roberts, D. C. (1996). Progressive ratio schedules in drug 
self- administration studies in rats: a method to evaluate reinforcing efficacy. /. 
Neurosci. Methods66, 1-11. doi: 10.1016/0165-0270(95)00153-0 

Sierra-Mercado, D., Padilla-Coreano, N., and Quirk, G. J. (2011). Dissociable roles 
of prelimbic and infralimbic cortices, ventral hippocampus, and basolateral 
amygdala in the expression and extinction of conditioned fear. Neuropsy- 
chopharmacology 36, 529-538. doi: 10.1038/npp.2010.184 

Veening, J. G., Swanson, L. W, and Sawchenko, P. E. (1984). The organization 
of projections from the central nucleus of the amygdala to brainstem sites 
involved in central autonomic regulation: a combined retrograde transport- 
immunohistochemical study. Brain Res. 303, 337-357. doi: 10.1016/0006- 
8993(84)91220-4 

Vertes, R. R (2004). Differential projections of the infralimbic and prelimbic cortex 

in the rat. Synapse 51, 32-58. doi: 10.1002/syn.l0279 
Vertes, R. P., and Hoover, W B. (2008). Projections of the paraventricular and 

paratenial nuclei of the dorsal midline thalamus in the rat. /. Comp. Neurol. 508, 

212-237. doi: 10.1002/cne.21679 
Vidal-Gonzalez, I., Vidal -Gonzalez, B., Rauch, S. L., and Quirk, G. J. (2006). 

Microstimulation reveals opposing influences of prelimbic and infralimbic 

cortex on the expression of conditioned fear. Learn. Mem. 13, 728-733. doi: 10. 

1101/hn.306106 



Frontiers in Behavioral Neuroscience www.frontiersin.org March 2014 | Volume 8 | Article 94 | 8 



Li et al. 



Midline thalamus and fear 



Wilensky, A. E., Schafe, G. E., Kristensen, M. P., and Ledoux, J. E. (2006). 
Rethinking the fear circuit: the central nucleus of the amygdala is required for 
the acquisition, consolidation, and expression of pavlovian fear conditioning. /. 
Neurosci. 26, 12387-12396. doi: 10.1523/jneurosci.4316-06.2006 

Yasoshima, Y., Scott, T. R., and Yamamoto, T. (2007). Differential activation of 
anterior and midline thalamic nuclei following retrieval of aversively motivated 
learning tasks. Neuroscience 146, 922-930. doi: 10.1016/j.neuroscience.2007. 
02.044 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 



Received: 12 January 2014; accepted: 06 March 2014; published online: 20 March 
2014. 

Citation: Li Y, DongX, Li S and Kirouac G} (2014) Lesions of the posterior paraventric- 
ular nucleus of the thalamus attenuate fear expression. Front. Behav. Neurosci. 8:94. 
doi: 10.3389/fnheh.2014.00094 

This article was submitted to the journal Frontiers in Behavioral Neuroscience. 
Copyright © 2014 Li, Dong, Li and Kirouac. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The use, dis- 
tribution or reproduction in other forums is permitted, provided the original author(s) 
or licensor are credited and that the original publication in this journal is cited, in 
accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms. 



Frontiers in Behavioral Neuroscience 



www.frontiersin.org 



March 2014 | Volume 8 | Article 94 | 9 



